[1] On the basis of a new regional dust model system, the sensitivity of radiative forcing to dust aerosol properties and the impact on atmospheric dynamics were investigated. Uncertainties in optical properties were related to uncertainties in the complex spectral refractive index of mineral dust. The climatological-based distribution of desert-type aerosol in the radiation scheme of the nonhydrostatic regional model LM was replaced by dust optical properties from spectral refractive indices, derived from in situ measurements, remote sensing, bulk measurements, and laboratory experiments, employing Mie theory. The model computes changes in the solar and terrestrial irradiance from a spatially and temporally varying atmospheric dust load for five size classes. A model study of a Saharan dust outbreak in October 2001 was carried out when large amounts of Saharan dust were transported to Europe. The dust optical thickness computed from the simulation results in values of about 0.5 in large regions of the Saharan desert but can be larger than 5.0 near large dust sources (for example, Bodélé depression). During the dust outbreak, the aerosol in the southern Sahara causes a daytime reduction in 2-m temperature of 3 K in average with differences of 10% depending on used dust optical properties. The simulations indicated that the large variability in radiative properties due to different mixture of clay aggregates in Saharan dust can lead in regional average to differences of up to 48% in net forcing efficiency at top of the atmosphere. 
Introduction
[2] Soil-derived mineral dust, mainly produced by aeolian erosion in arid and semiarid areas, represents one of the major components of the atmospheric aerosol load [e.g., Tegen et al., 1997; Houghton et al., 2001] . Various studies have shown the influence of aerosol particles on Earth's climate through the direct effect of scattering and absorption of electromagnetic radiation and through the indirect effects [International Panel on Climate Change (IPCC), 2001], where aerosol-induced increase in cloud-condensation nuclei leads to enhanced cloud albedo (first indirect effect) and to prolonged lifetime and enhanced cloud reflectivity due to suppression of precipitation (second indirect effect). While these aerosol effects tend to cool the atmosphere, the absorption of radiation by aerosol leads to a warming of atmosphere and suppression of cloud formation (semidirect effect) [e.g., IPCC, 2001; Twomey et al., 1984; Albrecht, 1989; Charlson et al., 1992; Schwartz, 1996; Rosenfeld, 2000; Ackerman et al., 2000; Chameides et al., 2002; Nenes et al., 2002; Cook and Highwood, 2004; Johnson et al., 2004] . The net perturbation of the radiation balance (solar and terrestrial) imposed by mineral dust (dust radiative forcing) is complex [Sokolik et al., 2001] due to its scatter, absorption, and emission properties. Therefore the understanding of the direct, indirect, and semidirect effects of mineral dust is still low compared to other atmospheric aerosols although dust-related effects are potentially large [IPCC, 2001] . Sign and magnitude of direct dust radiative forcing are controlled by dust optical properties, which depend on dust size distribution and dust refractive index. The latter depends on mineral composition and particle mixing state, which might vary regionally due to potentially different soil properties of dust source regions [Tegen, 2003] . Furthermore, the vertical distribution of dust, particle shape, the existence of clouds, and the albedo of the underlying surface change dust radiative forcing [e.g., Sokolik and Toon, 1996; Tegen and Lacis, 1996; Claquin et al., 1998; Liao and Seinfeld, 1998 ]. The sign of the dust radiative forcing is mainly determined by the value of its single scattering albedo w 0 [Liao and Seinfeld, 1998 ] that is an uncertain parameter in current aerosol radiation models. The single scattering albedo itself depends on the particle size distribution N(r) and on the complex refractive index n = n 0 À in 00 , where n 0 = Re(n) is the real part describing the ratio of light velocity in vacuum to the light velocity in the medium, and the imaginary part n 00 = Im(n) is related to the absorption of light by the medium (i = ffiffiffiffiffiffi ffi À1 p ).
[3] Particularly, single scattering albedo of soil-derived desert dust used by many radiation models is in the order of 0.79 at 500-nm wavelength for an effective dust radius of 1.5 mm [e.g., Patterson et al., 1977; Sokolik and Toon, 1999] , while, for example, Dubovik et al. [2002] and (M. C. Todd et al., Optical properties of mineral dust from the Bodele depression, North Chad during BoDEx 2005, submitted to Journal of Geophysical Research, 2007) suggest lower absorption (w 0 ! 0.92). Furthermore, uncertainties in dust refractive index and w 0 lead to uncertainties in the complex interactions between dust and atmosphere. Using interactively coupled dust emission-transport and atmospheric circulation models, some studies demonstrated the impact of dust with specific optical properties on the thermal and dynamic properties of the atmosphere and on the hydrological cycle at global scale [Perlwitz et al., 2001; Miller et al., 2004] . However, the coarse resolution of global models may lead to inaccuracies in estimates of the atmospheric response to dust radiation forcing. Therefore, more recently, regional dust transport models have been developed and tested at synoptic scale [e.g., Zakey et al., 2006; Pérez et al., 2006] . While Zakey et al. [2006] do not include dust-radiation interaction, Pérez et al. [2006] demonstrated first the impact of dust-radiation interaction on weather forecast improvements. Studies, where dust has a feedback on the radiation scheme, provide valuable insights into the direct and semidirect effects of mineral dust. To the authors' knowledge, there is no study at regional scale that investigates the impact of different dust optical properties on dust radiation forcing using a model system with dustradiation interaction. Therefore the purpose of this study is to investigate the impact of uncertainties within dust optical properties themselves by examining the sensitivity of radiative forcing to dust aerosol properties and the consequences on atmospheric dynamics.
[4] This analysis is performed for a case study of threedimensional long-range transport simulations of Saharan dust using a regional dust model at meso-g-scale. On the basis of a chemistry-transport model, the simulations take into account the mineral dust cycle of production, transport, and deposition. The size-resolved three-dimensional dust distribution will be used in an interactive way in the radiative transfer scheme of the mesoscale model and replaces the former used exponential decreasing profile of climatological dust impact on radiation. The simulation scenario is based on data of a Saharan dust outbreak in October 2001 Müller et al., 2003; Coen et al., 2004; Waquet et al., 2005] , where mineral dust with origin in the Sahara was observed over large parts of western and central Europe. Using two different types of refractive index data, simulations including and excluding the mineral dust cycle have been performed.
Modeling System

Regional Dust Model
[5] The three-dimensional dust-transport simulations presented in this study were performed using a model system consisting of the chemistry-transport model MUSCAT [Wolke et al., 2004a [Wolke et al., , 2004b with a dust emission scheme following the work of Tegen et al. [2002] and the onlinecoupled, nonhydrostatic meteorological ''Lokalmodell'' model (LM) [Doms and Schättler, 1999] . The LM is the mesoscale operational forecast model of the German weather service ''Deutscher Wetterdienst'' (DWD), which was adapted for the coupling with MUSCAT. The model system is hereafter referred to as LM-MUSCAT. Both codes are parallelized, work on their own predefined fraction of available processors, and have their own time step control. MUSCAT has a multiblock grid structure and uses the static grid nesting technique [Knoth and Wolke, 1998a] . The spatial discretization is performed with a finite-volume method. The time integration consists of an implicit-explicit scheme [Knoth and Wolke, 1998b; Wolke and Knoth, 2000] . For the horizontal advection, a second-order Runge-Kutta method is used. The other terms are integrated by an implicit solver.
Dust Emission Scheme
[6] The implemented dust source scheme was developed by Tegen et al. [2002] using the results from the study of Marticorena and Bergametti [1995] . Its implementation into the regional dust modeling system is described in the paper of Heinold et al. [2007] . It considers surface properties such as surface roughness, soil size distribution, vegetation cover, and soil moisture content as well as the location of preferential dust sources in order to calculate the erosion threshold velocity and the time-and size-resolved horizontal and vertical dust fluxes. The vertical dust fluxes serve as dust emission sources in the transport code MUSCAT.
Threshold Friction Velocity
[7] Aeolian soil erosion mainly depends on the wind shear stress on the ground t = r a u 2 * , where r a is the air density and u * is the friction velocity. The mobilization of dust particles occurs above a certain threshold friction velocity u *t , which is a function of the particle diameter D p and consequently depends on the soil size distribution. Particles with diameters of 60 -100 mm are easily mobilized [e.g., Bagnold, 1941; Iversen and White, 1982] . They play an important role in saltation that mobilizes smaller particles which are more tightly bound to the soil due to intense cohesive forces [Shao et al., 1993; Alfaro and Gomes, 2001; Zender et al., 2003] . In this study, a parameterization for u *t originally proposed by Iversen and White [1982] and modified by Marticorena and Bergametti [1995] is applied.
[8] The soil size distribution is represented by four populations according to Tegen et al. [2002] . These are clay, silt, medium/fine sand, and coarse sand. The proportion of each population is derived from the Food and Agriculture Organization/United Nations Educational, Scientific and Cultural Organization Soil Map of the World ( [Zobler, 1986] ) providing soil texture class data of the top 30 cm of dominant soil on a 0.5°Â 0.5°grid. The texture classification of nine size classes is converted into the four populations in terms of the standard soil textural triangle [Fitzpatrick, 1980] . For calculating u * , the model grid-scale first-layer winds U 1st and high-resolved roughness lengths z 0 from remote sensing [Marticorena et al., 2004] with a 1/15°Â 1/15°resolution are used for the northern part of Africa. Assuming neutral atmospheric conditions, which is reasonable due to the high wind speeds for soil erosion, u * is computed as follows:
where k is the von Karman constant and z 1st is the midheight of the first layer. The z 0 data set was retrieved from surface bidirectional reflectance products provided by passive multidirectional measurements in the solar spectrum of the Polarization and Directionality of the Earth Reflectance (POLDER-1) sensor. The aerodynamic roughness length was found to be empirically related to the socalled protrusion coefficient of the surface, which results from the POLDER-1 bidirectional reflectance distribution function (BRDF). For model grid cells where surface roughness measurements were not available, the surface roughness is set to 0.001 cm in source regions [Marticorena and Bergametti, 1995] or to zero otherwise. It has to be pointed out that these remotely sensed roughness length data are used to calculate suitable u * and u *t for the purpose of dust emission computation but are different from the z 0 values used in the LM to compute atmospheric dynamics. The high-resolved roughness lengths are more typical of erodible soil beds than the values used in the meteorological model [Zender et al., 2003] , as the latter contain information about the subgrid-scale topography in order to reproduce realistic grid-scale wind fields. Thus they do not purely reflect the roughness of the ground, which the emission fluxes depend on, and are not appropriate for modeling dust.
Dust Production
[9] As mentioned above, the direct emission of fine, suspended dust particles is highly ineffective. Large cohesive forces resulting in high u *t prevent small particles from being mobilized directly by wind. Thus saltation is the essential intermediate process for emission of mineral dust aerosol. Hereby larger particles disaggregate into fragments or release smaller (silt-and clay-sized) particles through sandblasting. The total, vertically integrated saltating mass transported in horizontal direction is represented by the horizontal dust flux F h (kg m À1 s À1 ), also denoted as saltation discharge in the literature [Hagen, 1996 , data available at http://www.weru.ksu.edu], which is parameterized following the study of White [1979] with
for u * ! u *t . Here D p i is the soil particle diameter of size fraction i, and s i is the relative surface area covered by a size fraction. The vertical dust flux F v (kg m À2 s À1 ) corresponding to the entrainment of fine dust particles into the atmosphere is related to F h by
[10] The saltation efficiency a (m
À1
) depends on soil texture and represents a measure of the supply of fine particles. Following the studies of Marticorena et al. [1997] and Tegen et al. [2002] , a is derived from wind tunnel experiments conducted by Gillette [1978] . Accordingly, the saltation efficiencies have been chosen as follows: 10 À5 cm À1 for silt, 10 À6 cm À1 for fine and medium sand, and 10 À7 cm À1 for coarse sand. Clay populations involve higher cohesive forces. Their saltation efficiency decreases with an increasing clay content. Therefore a is set to 10 À6 cm À1 for soils with <45% clay and to 10 À7 cm
for a clay content >45%. The saltation is treated by a simplified approach, emitting all particles smaller than those directly mobilized by wind according to the soil size distribution for clay and small silt. The size distribution of the mobilized dust in the source region reflects both the original soil size spectrum described by the above mentioned four populations and its dependence on the surface wind speed. The originally emitted dust particles with radii between 0.1 and 750 mm are then assigned to an arbitrary number of bins specified in section 2.5. 2.2.3. Preferential Dust Sources, Vegetation, and Soil Moisture [11] The dust emission scheme accounts for preferential dust sources, the so-called ''hot spots'' of dust emission [Pye, 1987; Gillette, 1999; Prospero et al., 2002] , which are characterized by low surface roughness over wide areas and large amounts of loose fine-grained alluvial deposits (clay and silt). In order to allow for their high erodibility, a saltation efficiency of 10 À5 cm À1 is assumed [Tegen et al., 2002] . The location and extent of preferential dust sources are derived from the distribution of paleo-and temporal lake beds computed with the water routing and storage model HYDRA [Coe, 1998] .
[12] Dust release depends on the vegetation coverage. Sparsely vegetated areas are more likely to act as dust sources than regions with dense vegetation. Following the work of Tegen et al. [2002] , a data set derived from simulations of the equilibrium terrestrial biogeography model BIOME4 [Kaplan, 2001] provides the distribution of 27 potential vegetation types, the so-called biomes on a 0.5°Â 0.5°grid. Nonforest biomes (barren land, desert, tropical xerophytic shrubland, temperate xerophytic shrubland, tropical grassland, temperate grassland, graminoid and forb tundra, erect dwarf shrub tundra, prostrate dwarf shrub tundra, and cushion forb tundra) are assumed to be potential dust sources, where dust emissions can occur. The fraction of absorbed photosynthetically active radiation serves as measure of the vegetation cover. It is calculated using satellite observations from the Global Inventory Modeling and Mapping Studies normalized difference vegetation index data sets [Pinzon, 2002; Pinzon et al., 2004; Tucker et al., 2005] and the empirical relationship from the paper of Knorr and Heimann [1995] . The dust emissions occur according to an effective surface area A eff depending on the seasonal variations in vegetation cover. Grass-like biomes are considered as more effective dust sources compared to shrub-like biomes, where the surface is protected by standing biomass even if the leaf area is zero.
[13] Dust emissions are prevented when the surface soil moisture exceeds 99% or when the surface is covered by snow. The soil moisture threshold is based on the assumption that the upper soil layer dries up very quickly under wind conditions required for dust emissions. Indeed, this approach is quite simple compared to the parameterization proposed by Fecan et al. [1999] , which is used in most of the recent dust models [e.g., Kallos et al., 2006; Pérez et al., 2006] , but it is instead robust against uncertainties in soil properties. Both the soil humidity and the amount of snow are provided by the meteorological model LM. The total vertical dust flux and entrainment term can be written as
where I Q reflects the influence of soil moisture; it vanishes when soil moisture in the surface layer is at field capacity and assumes a value of I Q = 1 when uppermost soil layer is dry. A snow is the part of the area A eff covered by snow. Evidently, for North African sources, vegetation and snow cover are of minor importance.
[14] Dry deposition of dust is parameterized, taking into account turbulent transfer, Brownian diffusion, impaction, interception, gravitational settling, and particle rebound. It depends on particle size and density as well as on relevant meteorological quantities. For particles larger than 2 mm, the removal from the atmosphere is mainly by gravitational settling. The dry deposition velocity v d is expressed by
where the formulation of the aerodynamic (R a ) and surface (R s ) resistances is based on the work of Zhang et al. [2001] . v g is the gravitational settling velocity given by
Here D p and r p = 2.65 g m À3 are the particle diameter and the density, g is the gravitational constant, m is the dynamic viscosity of air, and C c is the Cunningham correction factor that accounts for the reduced resistance of viscosity as particle size approaches the mean free path of the air molecules
where l is the mean free path of air molecules. Wet deposition, both rainout and washout, is parameterized following, for example, the studies of Berge [1997] and Jakobson et al. [1997] . The details of the parameterization are taken from the EMEP MSC-W Eulerian model [Tsyro and Erdman, 2000] by adapting the size-resolved scavenging ratios according to the dust bins. As shown in sensitivity studies, this wet deposition scheme is relatively insensitive to the rather large uncertainties in the parameters for particle wet removal [Tsyro and Erdman, 2000] .
Radiative Transfer
[15] The parameterization of radiative transfer of shortwave and longwave radiation for clear and cloudy atmospheres in the LM is based on the work of Ritter and Geleyn [1992] . This radiation scheme uses a d-two-stream radiative transfer solver, taking into account effects of scattering, absorption, and emission by aerosol particles, cloud droplets, and gases. Radiative transfer of shortwave radiation is computed in three spectral intervals covering 0.25-to 4.64-mm wavelength. Longwave radiative transfer calculations use five spectral intervals between 4.64-and 104.5-mm wavelengths. Rayleigh scattering of molecules is considered for the shortwave intervals. Radiative feedback of cloud droplets due to scattering and absorption is computed for both shortwave and longwave intervals. Ritter and Geleyn [1992] , the impact of aerosols on radiative transfer by scattering and absorption is considered in all spectral intervals. The radiation scheme uses the approach of Tanre et al. [1984] . Here desert dust aerosol is treated as part of continental aerosol type. This type contains also rural aerosol and tropospheric background aerosol. In addition to continental aerosol-type maritime, urban, volcanic, and stratospheric background aerosol types exist, and the radiation scheme takes into account optical properties for the spectral intervals of these five aerosol types. In this approach, all aerosol properties are temporally fixed, and background aerosols are assumed as horizontally homogeneous. On the basis of an exponential decreasing height profile, aerosol components are distributed vertically throughout the troposphere (desert, rural, urban, and maritime) and the stratosphere (stratospheric background and volcanic aerosol). Horizontally, the optical thickness at 550-nm wavelength resulting from the study of Tanre et al. [1984] for the aerosol distribution on the sum of rural, urban, desert, and maritime types ( Figure 1a ) is characterized by smooth large-scale patterns. These smooth patterns result from the application of the aerosol climatology in coarse global climate models [Hohenegger and Vidale, 2005] . Figures 1b and 1c show that in stand-alone LM, the desert aerosol dominates the continental aerosol type. It contributes reasonably up to 80% to the optical thickness of the sum in Figure 1a at central Sahara, but its contribution up to 50% in central Europe, where urban and rural aerosols should dominate, seems overestimated in climatological mean. For the desert aerosol alone, an optical thickness at 550-nm wavelength of larger than 0.6 occurs in central Sahara, decreasing toward high latitudes (below 0.3 in central Europe). As shown in Figure 1c , without the desert aerosol component, the sum of the residual aerosol (rural, urban, and maritime) results in much lower optical thickness that is below 0.2 for northern Africa and Europe. To estimate the impact of the desert aerosol component in the climatological approach of Tanre et al. [1984] , an LM simulation without dust feedback from MUSCAT and without desert aerosol in the aerosol climatology was performed.
Interactive Approach in LM-Muscat
[17] A fixed climatological mean distribution of deserttype aerosols is not appropriate for estimation of dust radiative impact of particular dust events due to high variabilities in temporal, spatial, and size distribution and high uncertainties in optical properties. Uncertainties in optical characteristics of mineral dust can be related to uncertainties in the dust size distribution and to uncertainties for the complex spectral refractive index n(l) [Sokolik et al., 1998 ]. Therefore, in addition to the stand-alone LM simulation using the whole aerosol climatology, in this study, the fixed impact of desert aerosol in the radiation scheme is replaced by dust optical properties derived from spectral refractive indices employing Mie theory. Using size-resolved dust concentration provided by MUSCAT, the radiation scheme computes changes in the radiative fluxes from a spatially and temporally varying atmospheric dust load.
Dust Optical Properties
[18] Refractive indices n(l) in various spectral ranges have been determined from laboratory and from field measurements [e.g., Patterson et al., 1977; Volz, 1973; Patterson, 1981; Sokolik et al., 1993; Sokolik and Toon, 1999; Dubovik et al., 2002 ; hereinafter referred to as Todd et al., submitted manuscript, 2007] . Current experimental data of n(l) cover the spectral range from 0.25-to 30-mm wavelength. On the basis of several methods [Sokolik et al., 1993] , laboratory experiments measure the complex dust refractive index from bulk dust samples with unknown mineralogical distribution in the shortwave range [e.g., Patterson et al., 1977] and in the infrared spectral region [e.g., Volz, 1973] . The estimation of n(l) from field measurements requires the solution of inverse problems [Sokolik et al., 1993] . However, the advantage of this method lies in the determination of refractive properties of airborne dust in real atmospheric conditions as shown in a large number of studies [e.g., Dubovik et al., 2002; Colarco et al., 2002; hereinafter referred to as Todd et al., submitted manuscript, 2007] .
[19] In this study, spectral refractive index data of mineral dust from airborne retrievals of field measurements [Dubovik et al., 2002; Sinyuk et al., 2003] , from laboratory experiments of bulk dust samples [Volz, 1973] , and of mineral dust with given mineralogical composition [Sokolik and Toon, 1999] were used. In the latter case, an internal mixing of the major components kaolinite (90 and 99%) with hematite (10 and 1%) was assumed, and the Bruggeman approximation was employed to determine the spectral refractive index of this mixture [Sokolik and Toon, 1999] . Since a fraction of 10% hematite is too strong to absorb, similar to simulations using the global climate model ECHAM5 [Tegen, 2003, personal communication] , for simulations in this study, a 2% fraction of hematite was assumed.
[20] Then, compared to the work of Sokolik and Toon [1999] , the fraction of kaolinite is 98%, and the spectral refractive index data were obtained by linear interpolation between curves for 1% hematite and 10% hematite (99 and 90% kaolinite, respectively) in the study of Sokolik and Toon [1999] .
[21] The different data sources for the spectral dust refrac-
(l) result in differences in the spectral distribution of its real n 0 = Re(n) and imaginary parts n 00 = Im(n) (Figure 2 ). The spectral range of 0.25-to 30-mm wavelength includes the main interesting regions of solar and thermal spectra, which are mapped in the radiation scheme of the LM.
[22] The occurrence of a hematite fraction for the data of Sokolik and Toon [1999] is responsible for the higher realpart refractive index values (Figure 2a ) of about Re(n) = 1.52 in the solar range compared to the other measurements. Retrievals of n(l) at l = 440-, 675-, 870-, and 1020-nm wavelengths from sunphotometer measurements at Cape Verde [Dubovik et al., 2002] give constant values of Re(n) = 1.48 ± 0.05, whereas sunphotometer retrievals at Bodélé depression (hereinafter referred to as Todd et al., submitted manuscript, 2007) result in values between 1.44 at 1020-nm wavelength and 1.47 at 670-nm wavelength. In addition to different mineralogical composition, a coating with sulfate or water may explain the smaller Re(n) values from airborne retrievals of dust real-part refractive index values compared to laboratory measurements. In the infrared wavelength range, the bulk data of Volz [1973] show a similar spectral distribution as the laboratory measurements of Sokolik and Toon [1999] but with a smoother spectral dependence and higher Re(n) values at most wavelengths.
[23] The absorption properties of mineral dust are basically determined by the imaginary part of refractive index Im(n) (Figures 2c and 2d ). If mineral dust contains a fraction of hematite, it dominates the absorption properties as seen for the imaginary part of refractive index from the study of Sokolik and Toon [1999] , which decreases from 0.024 at 0.250 mm to 0.0007 at 1.05 mm. For larger wavelengths, Im(n) increases to values of about Im(n) = 1 in the far infrared at about 30 mm. Although the airborne retrievals of n at Cape Verde, with its enhancement in the UV being from the work Sinyuk et al. [2003] , also decrease from UV to near infrared, showing values of Im(n) = 0.00587 at 350-nm wavelength to 0.0006 at 1.02 mm wavelength, the Figure 1 . Optical thickness at 550 nm wavelength derived from the sum of urban, maritime, land, and desert aerosol using the (a) aerosol climatology of Tanre et al. [1984] , (b) contribution of desert aerosol to optical thickness of the aerosol climatology, and (c) aerosol climatology based on the sum of urban, maritime, and land aerosol without desert component corresponding to the control run (CTRL).
magnitude of Im(n) indicates considerably smaller absorption than the mineral composition of kaolinite and hematite in this important solar spectral range. Compared to the Cape Verde dust, the sunphotometer retrievals at Bodélé show a further decreased absorption with Im(n) = 0.002 at 440-nm wavelength but an enhanced absorption at higher wavelengths. Compared to the other measurements, Bodélé dust is more absorbing at 1.02 mm with Im(n) = 0.001. In the infrared spectral range, the bulk sample measurements at Barbados of the study of Volz [1973] show a similar increase of Im(n) as the data of Sokolik and Toon [1999] except for a peak at about 3 mm. However, the magnitude of the Im(n) values from the paper of Volz [1973] is smaller for the most wavelengths. This could be due to a different mineralogical composition of the dust samples that contained mainly clay, illite, and kaolinite with traces of quartz [Volz, 1973] , while hematite was not reported for Caribbean dust samples [Sokolik and Toon, 1999] .
[24] Radiative transfer models use the radiative parameters extinction efficiency Q, single scattering albedo w 0 , and asymmetry factor g (or phase function). Here these parameters are calculated from dust particle size distribution and dust refractive index n(l) employing Mie theory based on an algorithm provided by Mishchenko et al. [2002] . Although Mie theory requires spherical particles, an assumption that is not reasonable for most dust particles [Nakajima et al., 1989; Haywood et al., 2003] , errors in radiative flux density computation are small in the hemispherical integration when compared to computations with spheroids [Lacis and Mishchenko, 1995] . Regarding the dust particle size distribution, a lognormal size distribution was assumed with a geometrical standard deviation of 2.0 mm. The size of mineral dust particles considered in the model ranges from 0.1 to 24 mm distributed in five size bins with a mass density of 2650 kg m À3 .
[25] For a given size distribution of aerosols, the effective radius r e is a key parameter in determining the radiative properties [Lacis and Mishchenko, 1995] . It is defined as:
where N(r)dr is the number concentration (m
À3
) of particles with radii between r and r + dr. The spectral distribution of radiative parameters Q(l), w 0 (l), and g(l) based on the different dust refractive index data is shown in Figure 3 for two effective radii r e = 0.5 and 1.5 mm. The spectral range from 0.25-to 30-mm wavelength ensures that most interesting regions of solar and thermal radiation are covered. Independent on the particular spectral range, Figure 3 clearly shows that the dependence of radiative parameters on particle size is much higher than on variations due to changing refractive index. Larger particles show stronger absorption (small values of w 0 ) in the visible wavelength range and strong increase in extinction in the thermal spectral range. While the first effect can be explained by an increase of the photon path length through the optical active medium, the second effect is due to nonlinear dependence of radiative parameters on particle size [Lacis and Mishchenko, 1995] , where w 0 increases with particle size for l >2.5 mm. Furthermore, in the thermal range, wavelengths begin to become larger than the particle size, inducing the onset of a ''small particle state.'' As shown by Lacis and Mishchenko [1995] , this state starts where the asymmetry parameter g decreases to zero with increasing wavelength. Consequently, the smaller particles at thermal wavelengths are in the Rayleigh regime that induces higher absorption (small w 0 ).
[26] However, comparing dust optical properties within a specific particle size, different refractive index data can induce significant changes in radiative parameters. For larger wavelengths, large differences in extinction between the data of Sokolik and Toon [1999] and that of Volz [1973] occur for smaller particles near the LM boundary between solar and thermal ranges, while the deviations for the largersize particles are smaller. However, in this spectral range, the data of Sokolik and Toon [1999] show much stronger absorption of w 0 = 0.16 at 5-mm wavelength compared to w 0 = 0.8 from the study of Volz [1973] for the smaller-size particles. Larger particles show similar deviations but smaller in magnitude. For visible wavelengths, Figure 3 shows the higher absorption properties of hematite in the samples of Sokolik and Toon [1999] resulting in small w 0 values of about w 0 = 0.7 at 440-nm wavelength for largersize dust compared to w 0 = 0.90 for retrievals of Dubovik et al. [2002] and w 0 = 0.92 for measurements of (hereinafter reffered to as Todd et al., submitted manuscript, 2007) . For the smaller particles, the differences are in the same order of magnitude.
[27] To adopt the dust optical properties in the LM radiation scheme for all dust size bins, spectral integration Figure 3 . Distribution of (a, b) extinction efficiency Q, (c, d) single scattering albedo w 0 , and (e, f) asymmetry factor g calculated using Mie theory based on an algorithm provided by Mishchenko et al. [2002] in different spectral ranges for effective radii of 0.5 mm (small open symbols) and 1.5 mm (large filled symbols).
of radiative parameters was performed following the work of Liao and Seinfeld [1998] for each solar band i by
and for each longwave IR band j by c j ¼
with radiative parameters c = Q, w 0 , g, and S 0 as incident solar irradiance at top of the atmosphere (TOA).
Model Setup
[28] The regional dust model simulations of the Saharan dust outbreak in October 2001 were performed with LM-MUSCAT on a horizontal grid resolution of 14 km using 473 Â 377 grid points. The computational domain (corresponding to the extent of the climatological aerosol distribution in Figures 1a -1c ) covers major parts of the Sahara desert and Europe, which permits the computation of dust emission from several source regions as well as the transport of dust toward Europe. The LM was set up with 40 vertical layers of a pressure-based terrain following vertical coordinate. The model top in the LM and therefore in the radiative transfer scheme used in LM is located at 20 hPa (about 23 km above ground). The vertical coordinate of MUSCAT is limited to 12-km height. Initialization and large-scale meteorological forcing of LM-MUSCAT were based on 6-hour analysis data of the DWD global model (GME). The model-simulated dust is transported as dynamic tracer in five independent size classes with radius limits at 0.1, 0.3, 0.9, 2.6, 8, and 24 mm. Dust is removed from the atmosphere by dry and wet deposition processes. For particles larger than 2 mm, the removal from the atmosphere is mainly by gravitational settling. Dust optical thicknesses are computed from the simulated dust concentrations, particle size distribution, and extinction efficiencies. Specifics of the dust model parameterization within LM-MUSCAT are described in the paper of Heinold et al. [2007] .
[29] Table 1 shows the simulation scenarios performed with the LM-MUSCAT modeling system. One scenario consists of a simulation without dust feedback from MUSCAT to LM using aerosol climatology after the work of Tanre et al. [1984] but without desert dust component in the LM radiation scheme and serves as control run (hereafter denoted as CTRL). The simulations in second scenario were performed to quantify the impact of mineral dust and its uncertainties in spectral refractive index on meteorological parameters. They used LM-MUSCAT with dust feedback from MUSCAT to LM radiative transfer parameterization based on size-resolved dust distribution computed in MUSCAT and a spectral composite of dust optical properties implemented in the LM radiation scheme.
[30] Within the second scenario, for the simulation which represents less absorbing and more reflecting dust (hereafter denoted as REFL), between 0.35-and 0.42-mm wavelengths, radiative parameters determined from remote sensing [Sinyuk et al., 2003] are used, and between 0.44-and 1.02-mm wavelengths, radiative parameters from in situ retrievals [Dubovik et al., 2002] were applied. In the infrared spectral range (2.52-to 35.19-mm wavelength) of REFL, optical properties determined from bulk dust samples [Volz, 1973] were used. From 0.25-to 0.44-mm wavelength and from 35.19-to 104.5-mm wavelength, the radiative parameters were set to constant values corresponding to 0.44-and 35.19-mm wavelengths, respectively. A further simulation in the second scenario represents more absorbing and less reflecting dust (hereafter denoted as ABS) using spectral dust optical properties from laboratory measurements [Sokolik and Toon, 1999] in the spectral range from 0.25 to 30 mm. These data were also used to fill the spectral gaps in the optical parameters for the REFL simulation. Similar to REFL, between 30-and 104.5-mm wavelengths, the radiative parameters were set to constant values corresponding to 30-mm wavelength. For a comparison of the radiative parameters, the spectral distribution for the LM radiation bands of the single scattering albedo used in the different cases is shown in Table 2 
Results
Dust Transport and Dust Optical Depth
[31] The aim of this work is the mesoscale simulation of the aeolian dust cycle using a regional dust model of the In the noninteractive dust simulations, the LM radiation scheme used an aerosol climatology without desert component (CTRL). For the interactive dust simulations, dust with more reflective optical properties (REFL) determined from in situ and remote sensing measurements and dust with more absorbing optical properties (ABS) determined from laboratory measurements.
October 2001 Saharan dust event , where major dust emission occurred in northern Mauritania, Mali, northeastern and southern Algeria, Tunisia, and in Chad (Bodélé depression). The northward transport of Saharan dust started on 8 -10 October 2001, initiated by a trough of low pressure extending from the Canary Islands to northern Scotland. Under the influence of a low-pressure area west of Morocco as well as high pressure over northern Africa and the Mediterranean Sea, the dust plume passed over the Iberian Peninsula on 11 October and reached the British Isles, Belgium, Netherlands, and western Germany on 12 October. During the following days, the dust plume crossed Germany in west-east direction from 13 to 14 October 2001. Further details on the temporal and spatial evolution of the Saharan dust outbreak from the modeling point of view can be found in the paper of Heinold et al. [2007] . This study focuses on model results for 13 October.
[32] The simulated horizontal distribution on 13 October, 12:00 UTC, of the columnar dust load M computed from the sum of individual contributions of dust area density m s i (k) (that is, the dust mass per square meter at model level k of the five independent size classes) for the simulation of the control run (first scenario) is shown in Figure 4a . It clearly reveals the huge amount of dust near the Saharan sources, where, in regional average, columnar dust load values of M = 5.2 g m À2 in the southern Sahara (between 10°and 22°N) were simulated, reflecting the large contribution of the Bodélé depression on dust emission. In the northern Sahara (between 22°and 35°N), the regional average of columnar dust load is much smaller (M = 0.3 g m À2 ).
During the simulation, Saharan dust was transported from south and western Sahara over the Mediterranean Sea to Europe. This leads in Europe (between 35°and 60°N) to a regional average of columnar dust load of M = 0.17 g m À2 . In the second scenario for the REFL and ABS cases, the simulated horizontal distribution on 13 October, 12:00 UTC, of the columnar dust load M (Figures 4b and 4c) shows in most regions a decrease of M compared to the control case. This effect can be explained by a decrease of near-surface wind speed due to feedback effects of mineral dust on the meteorological model LM [Heinold et al., 2007] . In the regional average, this effect is in the southern Sahara DM = À2.3 g m À2 for REFL and DM = À2.2 g m
À2
for ABS, while in the northern Sahara, this effect is in regional average DM = À0.05 g m À2 for REFL and DM = À0.04 g m À2 for ABS. As expected, the smallest decrease for M occurs in Europe, where, in regional average, DM = À0.04 g m À2 for REFL and DM = À0.04 g m À2 for ABS.
[33] Using the effective radius r e , the dust optical thickness t for each size bin at a given wavelength l is computed as a function of the columnar dust load per unit area M, such that
where Q is the extinction efficiency, and r is the dust mass density.
[34] A comparison of aerosol measurements using TOMS satellite data, lidar data from the EARLINET lidar network, and sunphotometer data of aerosol optical thickness (AOT) from the AERONET network with simulated horizontal distribution of dust optical thickness for 500-nm wavelength (sum over five size bins) on 13 October 2001, 12:00 UTC, is shown in Figure 5 . Results of optical thickness retrievals from lidar measurements (532-nm wavelength) at Aberystwyth, Munich, and Neuchâtel from the EARLINET network and AERONET sunphotometer retrievals at Leipzig, Oostende, Avignon, Oristano, and Thala are given also in Table 3 . Using the AERONETretrieved Å ngstrøm exponent that expresses the spectral dependence of aerosol optical thickness with wavelength, the optical thickness at 500-nm wavelength was estimated from sunphotometer data at 440-nm wavelength.
[35] Corresponding to the high columnar dust load near sources (Figure 4) , the dust optical thickness in Africa shows high values of about t = 4.5 in the Bodélé depression and t = 1.9 in the northwestern Sahara (Figure 5b and 5c ). In Europe (Figure 4c ), dust optical thickness remains below 1.5 with a local maximum near the British west coast, where lidar measurements at Aberystwyth yielded t = 0.31 (532-nm wavelength), which is in good agreement with the simulation results of t = 0.41 for the ABS run and t = 0.35 for the REFL run. A second maximum of dust optical thickness is located between the North Sea and northwestern Germany with simulated t above 0.4, while AERONET retrievals in Oostende show t = 0.75. The large AOT value at Oostende might be at least partly explained by the contribution of sea salt aerosol to the AOT that is not included in aerosol transport simulation by MUSCAT. The simulated dust optical thickness decreases from the North Sea to the Alps as shown by TOMS (Figure 5a ) that is confirmed by lidar measurements at Munich and Neuchâtel. Optical thickness retrievals from lidar measurements did not cover the whole atmospheric column since their measurement range is above the boundary layer to avoid accuracy problems up to the upper troposphere depending on the laser power. This could explain the systematically higher simulated optical thickness compared to those from EARLINET. On the other hand, optical thickness from AERONET shows systematic higher values than the simulations because sunphotometer measurements consider the whole atmospheric column and measure also aerosols other than dust, which were not simulated.
[36] Retrievals of aerosol optical depth from sunphotometers of the AERONET project have been used for comparison with the simulated temporal evolution of dust optical thickness using the simulation results with more absorbing dust properties at the measurement sites Avignon, Bordeaux, Oostende, and Leipzig ( Figure 6 ). Sunphotometers measure the contribution not only of the mineral dust but also of all aerosol components to the aerosol optical depth. Since the aerosol transport in LM-MUCAT takes only dust into account, a bias from the aerosol climatology database [Tanre et al., 1984] has been added to the simulated AOT values. If no dust is present in the simulation, constant AOT values of 0.185 at Avignon and Bordeaux, 0.19 at Oostende, and 0.2 at Leipzig are assumed by the model. Using this bias, the agreement of simulated AOT with sunphotometer retrievals is good in the no-dust periods, and the magnitude of the peaks in the dust periods is better captured by the model. Furthermore, as shown in Figure 6 , the agreement in the temporal evolution of the dust plume simulated by LM-MUSCAT at the various European sites is good.
[37] Since in the interactive dust simulations the radiative transfer scheme does not assume an exponential decreasing vertical profile of dust optical thickness, the vertical dust concentration distribution is very important for the radiative transfer scheme to calculate dust-induced changes in radiative heating/cooling rates. A comparison of vertical profiles of lidar and model-derived extinction coefficients for 13 October at various dust-influenced EARLINET lidar sites is given in Figure 7 . The lidar profiles of the extinction coefficient for Barcelona at 1064-nm wavelength reached values up to 30 Mm
À1
, where the simulation shows an overestimation but captures well the general structure of the vertical profile. For the complex vertical structure of the dust plume in Munich and Leipzig, the model gives a good agreement with the main dust pattern. However, the model does not capture the peaks of the extinction up to 130 M m À1 for Munich and 270 Mm À1 for Leipzig, which might be an effect of model vertical resolution. The coarse vertical resolution of the model in the upper troposphere (above 6 km height), which induces to high extinction values in these regions, might be also the reason for the overestimation of the lidar-derived AOT value in Munich (Table 3) .
Dust Radiative Effect
[38] It was shown by, for example, Liao and Seinfeld [1998] that dust radiative forcing depends on a number of parameters. Primarily, surface albedo, dust layer altitude, dust mass median diameter, dust optical thickness, and occurrence and location of clouds relative to the dust layer influence the dust radiative forcing DF. In order to isolate the direct radiative forcing of mineral dust, a cloud screening was performed on the model results, where only grid points with total cloud coverage of 1% were taken into account. Regional averages of dust radiative effects using these grid points have been computed for three regions between 20°W and 20°E, that are southern Sahara (between 10°and 22°N), northern Sahara (between 22°and 35°N), and Europe (between 35°and 60°N). [39] The radiative budget of solar and thermal radiation is shown in Figures 8 and 9 , respectively. Here the radiative budget is given as radiative net irradiance F by
where F + and F À are downward-and upward-directed irradiances, respectively.
[40] The radiative forcing of mineral dust for solar and thermal radiation is given by
where F d denotes solar and thermal radiation budget of simulations using interactive dust impact on radiative fluxes (ABS and REFL), and F 0 denotes the corresponding radiative budget of the control run.
[41] As shown in Figure 8 for 13 October 2001, 12:00 UTC, in the cloud-free desert regions with high values of dust optical thickness, the solar radiative effect of mineral dust is dominating. Compared to the control case in regional average, the solar radiation budget at surface decreases in southern Sahara between 291 W m À2 (REFL) and 338 W m À2 (ABS). In northern Sahara, these decreases are 29 W m À2 (REFL) and 34 W m À2 (ABS). In Europe, the regional average of solar radiation budget at surface decreases by 15 W m À2 (REFL and ABS).
[42] The solar radiation budget at model top (20 hPa, about 23 km height above ground) shown in Figure 8 indicates also a negative forcing but smaller in magnitude than at surface. Since in the dust case the mineral dust within the troposphere dominates the radiative forcing at model top, here we assume that the forcing at TOA is similar in magnitude. In regional average, the forcing values are À178 W m À2 (REFL) and À146 W m À2 (ABS) in southern Sahara, À19 W m À2 (REFL) and À17 W m À2 (ABS) in northern Sahara, and À15 W m
À2
(REFL) and À12 W m À2 (ABS) in Europe. It should be noted that the stronger forcing for the more reflective dust case results from its enhanced cooling properties compared to the more absorbing dust.
[43] Myhre et al. [2003] defined the radiative impact as the difference between radiative transfer simulations including and excluding mineral dust at TOA. From their simulations during the SHADE experiment, they found a solar radiative impact of À115 W m À2 in minimum in accordance with measurements of À130 W m À2 . Results from their radiative transfer calculations using more absorbing dust showed that radiative impact decreased by about 25% for clear-sky conditions due to higher imaginary part of refractive index and reduction in single scattering albedo at solar wavelengths [Myhre et al., 2003] .
[44] From the LM-MUSCAT simulations, similar reductions in solar radiative impact from more reflective dust to more absorbing dust can be observed, which are in regional average of 18% for southern Sahara, 11% for northern Sahara, and 20% for Europe.
[45] In average over the modeling domain of northern Sahara and southern Europe, Pérez et al. [2006] [2003] reported a weakening by a factor of more than 2 if dust refractive index is changed. In the LM-MUSCAT simulations, the change from the data (REFL) of Volz [1973] to that of Sokolik and Toon [1999] (ABS) showed not such a dramatic shift in the results. In the simulations of Pérez et al. [2006] , the longwave forcing values in domain average are about 20 W m À2 at surface and 10 W m À2 at TOA. Changes in 2-m temperatures for 13 October 2001, 12:00 UTC (Figure 10) , between the different model Figure 10 . Simulated 2-m temperature for 13 October 2001, 12:00 UTC, of the simulation using (a) aerosol climatology without desert component (CTRL) and differences relative to CTRL based on measurements (dots) and simulations, taking into account cloud-free grid points (cloud coverage (greyshaded) 1%) using (b) interactive dust simulation with more reflective dust (REFL) and (c) interactive dust simulation with more absorbing dust (ABS).
experiments including various parameterizations of dust radiative parameters can be attributed to changes in dust radiative forcing. The temperature difference DT due to the dust impact is determined as
with T d as 2-m temperature in interactive dust simulations (REFL and ABS) and T 0 as 2-m temperature of the control run. Comparing the temperature differences in the model to the dust optical thickness distribution on this date (Figures 5b and 5c ), we find, as expected, the strongest temperature decrease occurring in the interactive dust simulations where the dust optical thickness is highest (southern Sahara). Here, in regional average, the presence of dust causes a decrease of 2-m temperature of 3.0 K (REFL) and 3.3 K (ABS). In regional average of northern Sahara, the radiative induced temperature decrease is smaller in magnitude with 0.3 K (REFL and ABS). In regional average of Europe, the 2-m-temperature reductions of 0.3 K (REFL) and 0.2 K (ABS) occur, which can be attributed to the direct radiative effect of the dust plume with optical thickness of 0.1-0.3 in this area. It can be noted that for regions with heavy dust load, the more absorbing dust properties increase the reduction in 2-m temperature by 10%, whereas in regions with lower optical depth, differences in 2-m-temperature reduction between different dust optical properties are small.
[48] Temperature measurements at Leipzig, Oostende, Cape Frasca, Istres, and Bechar (Table 4) were used to determine the 2-m-temperature difference DT to the control run
where T M is the measured 2-m temperature. This allows a comparison of the 2-m-temperature change in the interactive dust simulations with the temperature difference between an undisturbed simulation and the measurements (filled circles in Figures 10b and 10c) . If the latter difference is negative (DT 0), it could be an indication that the control run takes not all processes into account which leads to a decrease of 2-m temperature (for example, mineral dust). The difference between temperature measurements in central Europe (Leipzig and Oostende) and the control run is À1.5 K; that is, the model without desert component or interactive dust overestimates temperatures at these dust-influenced locations. This agrees well with the temperature change in the dust simulations for the cloud-free but dust-influenced regions in central Europe.
[49] In southern Europe (Cape Frasca and Istres), positive 2-m-temperature changes relative to the control run are obtained. However, the interactive dust simulations show a temperature decrease for these stations but much smaller in magnitude (<0.1 K). The obtained 2-m-temperature difference between measurement and control run at Bechar (Algeria) is about 1 K that agrees well with the interactive dust simulations (REFL and ABS).
[50] Pérez et al.
[2006] compared the temperature forecasts by interactive dust simulation and control run against objective analysis data. They found a strong warm bias in the lower troposphere (up to 2.5 K) and a strong cold bias in the upper atmosphere (up to 4 K). Furthermore, their simulation results showed that over land, the negative radiative forcing at the surface significantly reduces the sensible heat flux to the atmosphere, which in turn reduces the PBL temperature. In their simulations, differences in 2-m temperature can reach 6 K in some areas. As Figure 10 shows, this is also the case in the LM-MUSCAT simulation results. According to Pérez et al. [2006] , these effects completely offset the dust radiative heating through solar absorption near the surface. Dust redistributes heat from the surface and near surface to higher levels of the atmosphere.
[51] Further insights into boundary layer effects of mineral dust are given using the temporal evolution of surface temperature and temperature of the first model layer (about 67 m above ground) shown in Figure 11 . It compares results of the control run with simulations of more reflective and more absorbing dust for the dust source area Bodélé. For the control run, the model surface is intensely heated. This leads to a strong superadiabatic lapse rate between surface and first model layer. The decrease of surface temperature from days 282 to 286 and the increase after day 286 can be due to synoptic forcing effects. This synoptic forcing can also be found in the interactive dust simulations. However, due to the high dust load in the dust source region of Bodélé, the direct radiative forcing of mineral dust leads to significant lower surface temperatures and first model-level temperatures compared to the control run. It should be noted that, in the more reflective dust case, the decrease in surface temperature and in first layer is stronger than in the more absorbing dust case. Considering the diurnal cycle of surface temperature and temperature at first model level, Figure 11 shows that, for the dust cases of days 283 and 284 (10 and 11 October 2006), the superadiabatic lapse rate vanishes, and after 12:00 UTC, a temperature inversion begins to develop. From boundary layer physics, this leads to a decoupling of near-surface air from air in the upper boundary layer. It results in a deceleration of wind near the surface, while wind above the inversion layer increases due to reduced frictional contact with the surface. Thus, similar to the differences in temperature, the semidirect effect of dust on the boundary layer circulation and near-surface wind speed could lead to differences in the columnar dust load between CTRL, ABS, and REFL runs (Figure 4 ).
Forcing Efficiency of Mineral Dust
[52] Based on the radiative forcing [equation (13)], the dust forcing efficiency DF/t is the radiative forcing produced by a unit of dust optical thickness. The forcing efficiency at model top and surface shown in Figure 12 for solar (0.25-to 4.6-mm wavelength) and thermal (4.6-to 104.5-mm wavelength) radiation of the interactive dust simulations was computed for cloud-free regions (total cloud coverage 1%) and dust optical thickness exceeding 0.1 at 500-nm wavelength.
[53] For solar radiation at surface, Figures 12e and 12f indicate that the forcing efficiency values near dust sources in regional average for southern Sahara are about À196 W m À2 (REFL) and À220 W m À2 (ABS). In the regional average over northern Sahara, solar forcing efficiency values are À81 W m À2 (REFL) and À85 W m À2 (ABS), while in Europe, values of À63 W m À2 (REFL) and À60 W m
À2
(ABS) in regional average have been determined from simulation results. Here, except for Europe, the increase in solar forcing efficiency from more reflective dust to more absorbing dust by 12% for southern Sahara and 5% for northern Sahara should be noted.
[54] For comparison, Fouquart et al.
[1987] estimated a shortwave surface forcing efficiency value of about À145 W m À2 at 550-nm wavelength during a field experiment near Niamey (Niger) using calculated shortwave downward surface flux for clear sky by means of radiative transfer modeling. Since this value is lower in magnitude, with the value determined from simulation results in this study, the difference could be due to contributions of more reflecting aerosols in the observations.
[55] Meloni et al. [2004] determined the surface forcing efficiency of Saharan dust in the Mediterranean from measurements at Lampedusa Island and MISR spaceborne observations from À39 to À79 W m À2 per unit optical thickness, with spectral interval restricted to 400-to 700-nm wavelength. This range of forcing efficiency is comparable to the regional averaged simulation results for Europe.
[56] For Asian dust, Kim et al. [2005] measured a decrease of the dust single scattering albedo during the transport (from 0.86 near source to 0.80 at East Asian seawaters) and determined the radiative forcing efficiency of mineral dust in the broadband range of 300-to 4000-nm wavelength from À65 to À94 W m À2 near the Asian seaboard area. This is in good agreement with the observed increase of solar forcing efficiency from more reflective dust to more absorbing dust from our simulation results. For comparison, using airborne measurements over the Gulf of Maine, Redemann et al. [2006] determined the mean instantaneous forcing efficiency of aerosols (not particularly dust) to be À135 ± 36 W m À2 in the spectral range of 350-to 1670-nm wavelength.
[57] At model top, solar forcing efficiencies (Figures 12a  and 12b) (ABS). Solar forcing efficiency at model top is lower than at surface and decreases for lower single scattering albedo (changes from more reflective dust to more absorbing dust). For comparison, the decrease of the negative solar forcing efficiency at top of the atmosphere compared to the surface values was also observed by Meloni et al. [2004] . They determined the forcing efficiency over the 400-to 700-nm-wavelength spectral interval at top of the atmo- Figure 11 . Simulated diurnal cycles of surface temperature and first model-level temperature at Bodélé of the simulation using aerosol climatology without desert component (CTRL), interactive dust simulation with more reflective dust (REFL), and interactive dust simulation with more absorbing dust (ABS).
sphere from À5 to À20 W m À2 . However, although Saharan desert dust was the dominant aerosol type during the measurements, large differences in the forcing efficiency (factor of 2 at surface and factor of 3 at top of the atmosphere) were found.
[58] In the thermal spectral range at surface (Figures 12g  and 12h) Figure 12 . Simulated forcing efficiency at optical thickness of 500-nm wavelength for 13 October 2001, 12:00 UTC, of solar and thermal radiation at (a -d) model top and (e -h) surface based on differences relative to the simulation using aerosol climatology without desert component (CTRL), taking into account cloud-free grid points (cloud coverage (grey-shaded) 1%) of (a, e, c, and g) interactive dust simulation with more reflective dust (REFL) and (b, f, d, h ) interactive dust simulation with more absorbing dust (ABS).
Europe. On the basis of spaceborne observations from MODIS, MISR, and CERES onboard the Terra satellite, Zhang and Christopher [2003] determined longwave forcing efficiency for cloud-free conditions over the Saharan desert to be 11 -21 W m À2 per unit optical thickness at 550-nm wavelength. However, these values are monthly mean values and instantaneous values as determined from LM-MUSCAT simulations at 12:00 UTC although in same order of magnitude cannot be compared directly.
[59] The net forcing efficiency of solar and thermal radiation ( Figure 13) (REFL) and À36 W m À2 (ABS) were determined for model top net forcing efficiency from the simulation results. One reason for the decrease in magnitude of forcing efficiency from southern Sahara to northern Sahara and Europe might be that near the dust sources, the dust size distribution is dominated by larger particles, which have smaller extinction efficiency Q and lower single scattering albedo w 0 compared to small dust particles (Figure 3 ). In the simulations for the SHADE experiment, Myhre et al. [2003] determined the modeled radiative impact at model top normalized by aerosol optical depth to À80 W m -2 in the middle of the day, which is in good agreement with measurements during SHADE of À90 W m -2 . These values are comparable to LM-MUSCAT results for southern Sahara; those regional average values are representative for similar latitudes. However, the LM-MUSCAT results indicate that net forcing efficiency shows a strong dependency on dust optical properties showing differences between REFL and ABS of 41% for southern Sahara, 48% for northern Sahara, and 42% for Europe. Decreasing net forcing efficiency values with increasing optical depth was found by comparing regional averaged values for Europe (low dust optical thickness) and northern Sahara (higher dust optical thickness), similar to the work of Myhre et al. [2003] .
[61] Based on changes in 2-m temperatures (Figure 10 ) due to the impact of Saharan dust on radiation, the simulations allow to determine the forcing efficiency of 2-mtemperature DT/t for optical thickness at 500-nm wavelength (REFL and ABS runs). For 13 October 2001, 12:00 UTC, DT/t is shown in Figure 14 for grid points with equal to or less than 1% cloud coverage and optical thickness greater than 0.1. Independent of the approximation of dust optical properties in the radiation scheme, the forcing efficiency of 2-m temperature is negative as Figure 13 . Simulated net forcing efficiency for 13 October 2001, 12:00 UTC, of solar and thermal radiation at (a, b) model top and (c, d) surface based on differences relative to the simulation using aerosol climatology without desert component (CTRL), using only cloud-free grid points (cloud coverage (grey-shaded) 1%), with dust optical thickness larger than 0.1 at 500-nm wavelength for (a, c) interactive dust simulation with more reflective dust (REFL) and (b, d) interactive dust simulation with more absorbing dust (ABS).
expected. In regional average for southern Sahara, the forcing efficiency values of 2-m temperature are À2.1 K (REFL) and À2.2 K (ABS), while for northern Sahara, DT/t is À0.9 K (REFL and ABS). In Europe, DT/t values are À1.0 K (REFL) and À0.8 K (ABS). The simulation results indicate differences due to dust optical properties for regions with high dust load (southern Sahara) and small dust load (Europe).
Impact of Clouds on Radiative Forcing
[62] Figure 15 shows the model cloud coverage A c for the control run CTRL and differences of the interactive dust runs REFL and ABS compared to the control run. Analogous to the dust transport, the impact of the low pressure, located west of Morocco, and high pressure over northern Africa and the Mediterranean Sea leads to a prominent cloud band from north of Algeria over the Iberian Peninsula to Ireland and Great Britain. This large cloud band extends also to the North Sea. In central Europe, some small cloud structures over north France and northeast Germany are visible. In the latter region, Figures 15b and 15c show largest changes in A c . Primarily, in the simulation run with more absorbing dust (ABS), the cloud coverage decreases over eastern Germany. That decrease is not so strong in the simulation with more reflective dust. This could indicate a possible feedback mechanism of mineral dust on cloud coverage that could be attributed to the impact of dust on the radiation scheme by a semidirect effect.
[63] In order to get closer insights into the factors causing the change in total cloud coverage, for Lindenberg (52.2°N, 14.133°E) and Oppin (51.55°N, 12.033°E) within the framed box in Figure 15 , vertical profiles of temperature difference compared to radio soundings (RS), dust concentration, and cloud coverage are shown in Figure 16 . The temperature difference profiles at 12:00 UTC suggest large deviations from the radio soundings in the lower 2-km and above 5-km height. However, in the location of the dust plume (between 1.5 km and 4 km height), at least for the simulation using more absorbing dust, the difference to the radio soundings becomes smaller.
[64] Although the REFL simulation shows higher dust concentrations (larger than 750 mg m À3 for Oppin) than the ABS simulation run (500 mg m À3 for Oppin) (Figure 16e ), the impact on the temperature profile is smaller. This could be due to lower absorption properties of dust of the REFL case caused by the higher single scattering albedo. Hence the reduction in cloud coverage compared to the control simulation is much smaller for the REFL run than for the ABS simulation. The potential feedback mechanism of mineral dust on cloud coverage results in an increase of the solar irradiances due to decreased cloud coverage. However, the increased solar irradiance itself could change the vertical temperature profile by increased height-dependent heating rate. (REFL) and À42 W m À2 (ABS) at model top. Because of the increased solar radiation by decreased cloud coverage, an increase in 2-m temperature is obtained at Oppin from the model results, which is 1.5 K for ABS case, while the decrease in A c did not compensate the radiative forcing of the high mineral dust load in the REFL case, resulting in a net temperature decrease of 0.24 K.
[65] It should be noted that this model study did not include any microphysical interactions between dust particles and cloud droplets. Changes in modeled cloud coverage by including dust forcing in the model were thus only caused by changes in the atmospheric dynamics. However, most differences in cloud coverage between the different model runs are small-scale shifts in the location of high cloud coverage. Thus many more simulation runs are necessary to validate the significance of this effect.
Summary
[66] Based on a new regional dust model system, the sensitivity of dust radiative forcing to optical properties of mineral dust aerosols and their impact on atmospheric dynamics were investigated. This model system consists of the mesoscale model LM, a dust emission model, and the transport scheme MUSCAT for simulation of dust emission, transport, and deposition. Uncertainties in optical properties were related to uncertainties in the complex spectral refractive index, and thus the climatological-based distribution of desert-type aerosol in the radiation scheme was replaced by dust optical properties derived from spectral refractive indices (obtained from in situ measurements, remote sen- Figure 14 . Simulated 2-m-temperature forcing efficiency for 13 October 2001, 12:00 UTC, based on differences relative to the simulation using aerosol climatology without desert component (CTRL), for only cloud-free grid points (cloud coverage (grey-shaded) 1%), with dust optical thickness larger than 0.1 of (a) interactive dust simulation with more reflective dust (REFL) and (b) interactive dust simulation with more absorbing dust (ABS) at optical thickness of 500-nm wavelength. sing, bulk measurements, and laboratory experiments) employing Mie theory. Using size-resolved dust concentration in five size classes provided by MUSCAT, the radiation scheme computed changes in the solar and terrestrial irradiances from a spatially and temporally varying atmospheric dust load. In order to test the model performance, a far-field study of a Saharan dust outbreak in October 2001, when large amounts of Saharan dust were transported to Europe, was carried out. It could be shown that the model is capable of describing Saharan dust events in the mesoscale. Since the model takes into account the location of dust sources and simulates the dust cycle of emission, transport, and deposition, the transport patterns are in agreement with observations. A good agreement with observations was found for temporal evolution of dust-induced aerosol optical depth and vertical profiles of extinction coefficient.
[67] For 13 October 2001, 12:00 UTC, from the simulations, columnar dust load values between 1 and 10 g m
À2
were derived for large areas of the Saharan desert and below 1 g m À2 for central Europe. The dust optical thickness computed from the simulation results shows values of about 0.5 in large regions of the Saharan desert but can go beyond values of 5 near large dust sources (for example, Bodélé depression), while in central Europe, dust optical thicknesses below 1 were obtained. Comparing the modelderived dust optical thickness with the observed aerosol optical thickness at selected EARLINET and AERONET stations, the differences between simulated optical thickness and those from EARLINET and AERONET could be related to different length of the atmospheric column taken into account and contributions of other aerosols than dust in the measurements. Comparing the horizontal distribution of dust-induced aerosol optical depth with TOMS aerosol index data, a good agreement was found.
[68] It was found that the columnar dust load depends on the dust optical properties. One possible reason could be feedback effects of mineral dust on boundary layer processes. The largest difference occurred near dust sources in southern Sahara, where, in regional average for the more reflective dust, the columnar dust load is only 44% of the control run, while for the more absorbing dust, it is 42% of the control run.
[69] Comparing noninteractive simulations with results from interactive simulations, the impact of mineral dust with different dust optical properties on direct radiative forcing was determined. Using a cloud screening on the modeling results, only cloud-free grid points were taken into account. Regional averages over relevant subdomains of simulation results for southern Sahara (between 10°and 22°N), northern Sahara (between 22°and 35°N), and Europe (between 35°and 60°N) have been used.
[70] Near the source region in the southern Sahara, the solar radiative effect of mineral dust is dominating in the cloud-free desert regions with high values of dust optical thickness. At surface and model top, the forcing is negative (cooling). Compared to the control run, in regional average of the interactive dust simulation, the radiation budget at surface decreases by 38% for more reflective dust and by 44% for more absorbing dust. At model top, the decrease is 18% for more reflective dust while it is 15% for more absorbing dust in regional average for this area. Compared to other modeling studies, the simulation results are in the Considering feedback effects of interactive dust simulations on 2-m temperature, the model results show the potential of dust to influence the atmospheric dynamics even though the potential influence of dust particles on cloud microphysical processes is not taken into consideration in these model studies. While in regional average the decrease in 2-m temperature for northern Sahara and Europe is small (below 0.5 K), near large dust sources in southern Sahara, the decreases are 3 K for more reflective dust and 3.3 K for more absorbing dust.
[73] For 13 October 2001, 12:00 UTC, the net forcing efficiency at surface and model top of mineral dust depending on used dust optical properties has been determined from the interactive simulation results of solar and thermal forcing efficiency. Averaged over the subdomains, net forcing efficiency values at surface are À80 W m -2 for more reflective dust and À88 W m -2 for more absorbing dust. At model top, the subdomain average net forcing efficiency values are À62 W m À2 for more reflective dust and À43 W m À2 for more absorbing dust, while Myhre et al. [2003] determined À80 W m À2 compared with À90 W m À2 from measurements. Our simulation results suggest that the more reflective dust is more appropriate for comparison with the study of Myhre et al. [2003] , while results from simulations using the more absorbing dust agree in most cases better with the work of Pérez et al. [2006] .
[74] The forcing efficiency of 2-m temperature shows largest values in southern Sahara, where simulations show in regional average values of À2.1 K for more reflective dust and À2.2 K for more absorbing dust. The 2-mtemperature forcing for northern Sahara and Europe is equal to or below À1 K.
[75] Considering possible semidirect effects of mineral dust, differences in cloud structure of the simulations have been investigated. A region with decreasing total cloud coverage has been identified from the simulation results in eastern Germany. Comparing vertical profiles of temperature differences to radio soundings, dust concentration, and cloud coverage at two measurement sites, indications of a semi-direct effect for more absorbing dust (warming of the dust layer due to absorption of solar radiation resulting in decreasing cloud coverage) have been found.
[76] Saharan dust shows a large variability in radiative properties due to different mixture of clay aggregates. Since this could have an impact on atmospheric chemistry and cloud formation, the properties of Saharan dust should be further clarified in upcoming field experiments. In summary, the model system LM-MUSCAT has been shown to be capable for regional modeling of Saharan dust aerosol.
